Like other domesticates, efficient utilization of nitrogen resource is also important 19 for the domestic insect, the silkworm. Deciphering how artificial selection act on 20 silkworm genome for improved utilization of nitrogen resource and further 21 human-favored domestication traits will provide unique cues from the insect scenario 22 for understanding general rules of Darwin's evolutionary theory on domestication. 23 Storage proteins (SP), which belong to a hemocyanin superfamily, basically serve as a 24 source of amino acids and nitrogen during metamorphosis and reproduction in insects. 25 Here through genomic search and further screening of artificial selection signature on 26 silkworm SPs, we discovered a candidate domestication gene, i.e. the methionine-rich 27 storage protein1 (SP1), which is uniquely diverged from the others and showed 28 increased expression in the ova of domestic silkworms. Knockout of SP1 via 29 CRISPR/Cas9 approach resulted in dramatic decrease in egg hatchability, without 30 obvious impact on egg production, which was similar to the case in the wild silkworm 31 compared with domestic one. Larval development or metamorphosis were not 32 affected by SP1 knockout. Comprehensive ova comparative transcriptomes indicated 33 a general repression of gene expression, specifically vitellogenin, chorion proteins and 34 structural component proteins in the extracellular matrix (ECM)-interaction pathway, 35 as well as enzymes in folate biosynthesis, in both the mutant and the wild silkworm 36 with the mutated allele, compared to the wild type domestic silkworm. Wild 37 silkworms with the wild allele also showed generally down-regulated expression of 38 genes enriched in structural constituent of ribosome and amide and peptide Running title: SP1 increased hatchability during silkworm domestication 3 / 34 39 biosynthesis. This study exemplified a novel case that artificial selection could 40 directly act on nitrogen resource protein to affect egg nutrient and eggshell formation, 41 and activate ribosome for improved biosynthesis and increased hatchability during 42 domestication. The findings shed new light on both understanding of artificial 43 selection and silkworm breeding from the angle of nitrogen and amino acid resource. 44 Running title: SP1 increased hatchability during silkworm domestication 4 / 34 45 Author summary 46 Like other domesticates, nitrogen resource is also important for the domestic insect, 47 the silkworm. Deciphering how artificial selection act on silkworm genome for 48
To explore the functional impact of BmSp1 in silkworm domestication, we firstly 138 investigated the biological role of this gene in the silkworm through CRISPR/Cas9 139 knocking out system. For single guide RNA (sgRNA) design, we selected highly 140 specific targets in the first exon close to the translation starting site, namely, S1 and 141 S2 (Fig 2A) . We choose another site S3 close to the end of the first exon, more than 142 60 bp downstream of S1 and S2 (Fig 2A and Table 2) , to obtain a potentially large 143 fragment deletion by injecting the pool of three gRNAs. After mutation screening of 144 the injected eggs (G0 generation), the gRNAs targeting the above three sites 145 successfully guided DNA editing and generated a variety of mutation types, including 146 4-9 bp deletions or small insertions followed by a large deletion ( Fig 2B) . 147 By mutation screening of the exuviae of the fifth instar larva in the G0 cocoon, we 148 successfully identified 26 mosaic mutant G0 moths. We then generated pairwise 149 crosses of these G0 mutants with similar mutant genotypes for the G1 populations. 150 After mutation screening of the G1 eggs, we selected two populations with large 151 deletions for further feeding and mutation screening (see Material and methods). 9 / 34 152 Finally, in the G2 generation we obtained two types of homozygous mutants, i.e., 153 MU1 and MU2 ( Fig 2C) . As to MU1, there was an 8 bp insertion followed by a 63 bp 154 deletion in the BmSP1 coding sequences. As to MU2, there was a 4 bp insertion 155 followed by a 65 bp deletion. The mutations occurred at +29 bp of the first SP1 exon 156 in MU1 and MU2, respectively ( Fig 2C) , resulting in reading frame shift mutations 157 and severe premature termination close to the translation starting site, with stop 158 signals at +10 aa and +37 aa of theSP1 protein ( Fig 2D) .
159
Both SP1 mutants and the wild silkworm had decreased hatching rate and Vg 160 expression 161 We selected and maintained MU1 population for assay on phenotypes related to 162 reproduction and metamorphosis, such as number of eggs, hatching rate, pupa weight, 163 and cocoon weight. Compared with the wild-type, which showed hatching rates of 164 about 90%, the hatching rates of SP1 mutants were dramatically decreased, with a 165 mean egg hatching rate of about 40% (Fig 2E) , whereas the number of eggs produced 166 was not obviously affected ( Fig 2E) , neither did the whole pupa weight or cocoon 167 shell weight ( Fig 2E) . Given that the data were obtained from large replicates (126 168 replicates for hatchability assay and 320 replicates for pupa and cocoon weight), the 169 results are convincible. Loss-of-function mutation resulted in significant decreased 170 expression of SP1 and Vg in the ova, based on the RNA-seq data ( Fig 2F) .
171
Given that knockout of SP1 caused reduced hatching rate ( Fig 2E) and that 172 expression of SP1 in the ova of wild silkworm were significantly lower than that of 173 domestic one, we further suspected that artificial selection on SP1 might improve 10 / 34 174 silkworm hatching rate during domestication. Supporting this hypothesis, we found 175 that hatching rates of the wild silkworm were generally lower compared with that of 176 the domestic one and, similar to SP1 mutant, no obvious differences was detected in 177 egg production between the wild and the domestic silkworm ( Fig 3A) . The lower 178 hatching rate of wild silkworm was also reported in other studies [21, 22] . Meantime, 179 we also found that similar to SP1 mutants, expression of Vg in the ova of the wild 180 silkworm was drastically lower compared with domestic one ( Fig 3B) . These results 181 suggested that in the silkworm SP1 may positively affect expression of Vg of ova and 182 contribute to silkworm egg development. Promotion of SP1 expression in the 183 domestic silkworm thus results in the correspondingly up-regulation of Vg, which 184 further contributes to increased hatchability during silkworm domestication.
185

Genes involved in egg development and eggshell formation were both repressed in
186 SP1 mutant and the wild silkworm 187 In order to further exploring the regulation network and possible molecular 188 mechanism of female specific SP1 on egg hatchability, we generated comprehensively 189 Ova comparative transcriptome analyses between the wild type and the mutant, as 190 well as domestic and wild silkworm (Bombyx mandarina), with 4.87~9.15 Gb 191 RNA-seq data for each sample (S1 Table) . Totally, there were 561 genes identified as Table) . As expected, there are much more differential 11 / 34 196 expressed genes (2882) between the wild and domestic silkworm, since wild 197 silkworm are much more genetically and phenotypically different from the domestic 198 one, compared with the silkworm mutant. It is interesting that, down-regulated genes 199 (1761) were also significantly more than up-regulated (1121) ones (p=2.2e-16, 200 Chi-squared test with Yates' continuity correction) ( Fig 3A and S3 Table) . The results 201 suggested that transcriptome repression in ova might be an output of SP1 depletion, in 202 both the SP1-KO mutant ( Fig 2F and Fig 4A) and in the wild silkworm ( Fig 1E and 203 Fig 4A) . 204 We identified 302 common genes shared in the two sets of DEGs. KEGG 205 enrichment analysis indicated that these common differential expressed genes were genes, it is notable that they were mostly down-regulated, in both the SP1 mutant and 221 the wild silkworm ( Fig 4B) . This results suggested that the common influence of 222 repression of SP1 in both the SP1 mutant and the wild silkworm at transcriptome level 223 is on genes or pathways involved in reproduction, such as ovarian follicle cell 224 development or proliferation, and eggshell formation. 225 We further generated enrichment analyses on DEGs in the two sets of comparison 226 independently and observed consistent pattern (Table 3 and (Table 3) (Table 4 ). The involved genes in these KEGG or GO terms were nearly all 234 down-regulated in the wild silkworm (Table 4) . These results further supported that in 235 the wild silkworm, repression of SP1 may result in suppressed expression of ovarian 236 follicle cell development and eggshell formation process. 238 repressed in the wild silkworm. 239 DEGs between wild and domestic silkworms were significantly in enriched in 13 / 34 240 function of structural constituent of ribosome. The related genes are mostly ribosome 241 proteins (S4 Fig) . We also noted that the related biological progresses, such as amide 242 and peptide biosynthetic processes was also in the top rank with the lowest p value 243 (Table 4 ). The related genes were also mostly down-regulated in the wild silkworm.
237
Ribosome proteins and genes in amide and peptide biosynthetic processes were also
244
However, during domestication, there might be other factors that contributes to 245 improved hatchability, that is, improved amide and peptide biosynthesis and activated 246 ribosome activities in the ovarian. Methionine-rich SP1 seems to be of special interest, since methionine is reported to be Given that in those cocoon-producing silk moths, another nitrogen utilization 272 system such as gluminate/glutamine cycle system were reported to be vital in 273 metamorphosis silk-cocoon production [1, 4, 27] , we suspect that strategy of nitrogen Notably, increased hatchability during domestication may not be solely attributed 311 to increased expression of SP1 and the associated downstream genes, given that 312 artificial selection acts on hundreds of gene loci in silkworm genome [1, 36] and that 313 ova comparative transcriptome between wild and domestic silkworm identified much 314 more genes than that between SP1 mutant and wild type silkworm. We factually (Table 4) . These results again supported the importance of 319 nitrogen and amino acid in silkworm domestication, not only for silkworm protein 320 output [1] , but also for productivity.
321
Similar to other domesticates, hatchability of silkworm eggs directly determine 322 quantity of offspring, and thus it is an important productivity trait human favorably 323 selected during domestication. Based on the results and the discussion above, we To calculate the efficiency of Cas9/gRNAs-mediated gene mutation in the injected 383 generation (G0), we collected ~10% of the eggs (64 out of 600) 5 d after injection to 384 extract genomic DNA for PCR, with primers Sp1-F and Sp1-R ( Table 2) . The 385 amplified fragments were cloned into a pMD TM 19-T simple vector (Takara, Japan) 386 and sequenced to determine mutation type and mutagenic efficiency. Note: Sp1gRNA1-f , Sp1gRNA2-f , Sp1gRNA3-f , Sp1gRNA-r were used for amplification of DNA templates to generate gRNAs targeting S1, Table 3 . Functional Enrichment of differential expressed genes between the loss-of-funtion SP1 mutants and the wild-type domestic silkworms. 
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